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nonlinear  feedback  (state,  or  output)  control  laws  for  nonlinear  sys¬ 
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1.  RESEARCH  OBJECTIVES  ^  STATUS  Chltf .  TMteleal  Inf  •rmtlM  MriafM 

The  objective  of  this  research  effort  Involves  the  use  of  recent 
developments  In  the  representation  and  realization  theories  for  non¬ 
linear  systems  to  address  the  problem  of  nonlinear  feedback  control.  In 
particular,  the  objective  Is  to  develop  more  effective  analysis  and 
design  techniques  for  nonlinear  control  systems. 


Based  on  our  earlier  work  characterizing  the  family  of  linearized 
systems  associated  to  a  given  nonlinear  syst«B,  [1],  [2],  [31*,  we  have 
developed  a  new  approach  to  nonlinear  control  system  design  that  we  call 
'design  by  extended  linearization.'  [5],  [6],  [7]  The  basic  Idea  behind 
this  approach  can  be  described  briefly  as  follows. 


A  standard  approach  to  design  of  nonlinear  systems  Involves  linear¬ 
izing  the  system  about  a  nominal  constant  operating  point  (equilibrium 
point),  and  applying  linear  design  techniques.  This  yields  a  linear 
control  law,  and  a  nonlinear  closed-loop  system  whose  linearization 
about  the  nominal  constant  operating  point  has  specified  properties,  for 
example,  eigenvalue  locations.  If  the  closed-loop  system  Is  operated  in 
a  neighborhood  of  the  nominal  operating  point.  It  should  exhibit  the 
behavior  of  Its  linearization.  The  difficulty,  of  course,  is  that  It 
usually  Is  desired  to  control  a  nonlinear  system  over  a  wide  range  of 
operation,  so  this  approach  breaks  down.  Sometimes  ad-hoc  gain  schedul¬ 
ing  Is  used,  where  parameters  In  the  linear  control  law  are  adjusted 
corresponding  to  some  measure  of  the  current  operating  region  of  the 
system. 


Our  approach  Is  to  extend  the  notion  of  design  based  on  lineariza¬ 
tion  In  the  following  way.  Suppose  that  the  system  to  be  controlled  has 
a  family  of  constant  operating  points,  parameterized  by  constant  Input 
values.  Then  we  can  consider  the  corresponding  parameterized  family  of 
linearized  systems,  and,  for  example,  easily  compute  a  family  of  linear 
state  feedback  gains  that  places  the  eigenvalues  at  specified  values 
Independent  of  the  parameter.  Finally,  and  this  Is  the  novel  feature  of 
the  approach,  this  family  of  linear  gains  Is  'realized'  by  a  nonlinear 
state  feedback  gain.  That  Is,  a  nonlinear  gain  can  be  computed  whose 
family  of  linearizations,  corresponding  to  the  closed-loop  operating 
point.  Is  precisely  the  designed  family  of  linear  gains.  Thus,  so  long 
as  the  region  of  operation  of  the  nonlinear  system  remains  In  a  neigh¬ 
borhood  of  any  constant  operating  point  in  the  family.  It  should  exhibit 
the  specified  behavior. 


A  similar  approach  can  be  taken  to  the  design  of  state  observers, 
where  nonlinear  observer  gains  are  computed  such  that  the  family  of 
linearized  error  equations  has  specified  eigenvalues.  Then  It  Is  not 
hard  to  show  that  output  feedback  through  the  nonlinear  observer  can  be 
used  to  achieve  eigenvalue  placement  for  the  closed-loop  linearization 
family.  This  appears  to  be  the  first  general  approach  to  the  design  of 
nonlinear  output  feedback  control  laws  to  have  appeared. 


*  Numbers  In  square  brackets  refer  to  publications  listed  In 
tlon  2  of  this  report. 
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The  basic  idea  of  design  by  extended  linearization  was  introduced 
in  terms  of  Vol terra  series  representations  in  [5].  Subsequent  papers 
have  focused  on  the  more  general  formulation  provided  by  state  equation 
representations.  The  single-input  case  is  discussed  in  [6],  along  with  a 
study  of  the  performance  of  the  method  as  applied  to  the  classical  prob¬ 
lem  of  automatically  balancing  an  Inverted  pendulum.  The  basic  theory 
for  the  multi-input  case,  which  is  technically  more  difficult,  is  essen¬ 
tially  completed,  and  a  paper  is  in  preparation.  [7] 

In  parallel  with  these  theoretical  developments,  and  with  the  con¬ 
sultation  of  personnel  at  Wrlght-Patterson  AFB,  application  of  this 
approach  to  a  nonlinear  (i|-state,  pitch  axis)  flight  control  model  is 
proceeding.  Ve  recently  have  confirmed  that  the  method  is  not  difficult 
to  apply  to  this  example,  and  current  work  is  focusing  on  the  attainment 
of  flying-quality  criteria  at  high  angles  of  attack,  and  on  stall 
recovery  issues. 

Progress  in  our  efforts  to  develop  a  better  nonlinear  system 
simulation/computation  facility  should  be  noted.  This  is  crucial  for 
applying  (and  demonstrating  the  effectiveness  of)  our  results  on  non¬ 
trivial  problems.  In  designing  a  control  law  for  the  flight  control 
model  mentioned  above,  extensive  use  has  been  made  of  the  symbolic  com¬ 
putation  language  MACSTMA  that  we  recently  acquired.  Simulation  of  the 
performance  of  the  system  is  carried  out  on  CSMP  (Continuous  System 
Modeling  Program),  although  efforts  are  being  made  to  acquire  a  more 
efficient  program  with  better  graphics  capabilities. 
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1.  INTERACTIONS 

Presentations  of  the  publications  in  Section  2  during  the  period  1  March 
1984  -  28  February  1985  were  as  follows. 

[4]  was  presented  at  the  Conference  on  Information  Sciences  and 
Systems,  Princeton,  NJ,  on  15  March  1984. 

[5]  was  presented  at  a  research  seminar,  IBM  Watson  Research 
Center,  Yorktown  Heights,  NT,  on  12  July  1984;  and  at  the  IEEE 
Conference  on  Decision  and  Control,  Las  Tegas,  NV,  on  12  December 
1984. 

[6]  was  presented  at  a  research  seminar  in  the  Department  of 
Electrical  Engineering  and  Computer  Science,  Princeton  University, 
Princeton,  NJ,  on  25  Septonber  1984;  and  will  be  presented  at  the 
Conference  on  Information  Sciences  and  Systems,  Baltimore,  MD,  on 
28  March  1985. 

[7]  will  be  presented  at  the  Seventh  Annual  Symposium  on  the 
Mathematical  Theory  of  Networks  and  Systems,  Stockholm,  Sweden, 
June,  1985. 

In  addition,  W.  J.  Rugh  visited  Wrlght-Patterson  AFB,  Ohio,  on  23  Janu¬ 
ary  1985,  where  he  met  with  Mr.  Charles  Suohomel,  and  others,  of 
AFWAL/FIGC,  and  Professors  D'Azzo,  Houpls,  Jones,  and  others,  of  AFIT. 
The  subject  of  this  visit  was  a  nonlinear  flight  control  model  to  be 
used  as  a  test  case  for  the  application  of  the  extended-linearization 
design  method  discussed  in  Section  1.  Interaction  is  continuing  as  work 
on  the  application  proceeds. 


